ABSTRACT. The concept of ratchetting strain as a crack driving force in controlling crack growth has previously been explored at Portsmouth using numerical approaches for nickel-based superalloys. In this paper, we report the first experimental observations of the near-tip strain evolution as captured by the Digital Image Correlation (DIC) technique on a compact tension specimen of stainless steel 316L. The evolution of the near-tip strains with loading cycles was studied whilst the crack tip was maintained stationary. The strains were monitored over the selected distances from the crack tip for a given number of cycles under an incremental loading regime. The results show that strain ratchetting does occur with load cycling, and is particularly evident close to the crack tip and under higher loads. A finite element model has been developed to simulate the experiments and the simulation results are compared with the DIC measurements.
INTRODUCTION
he concept of ratchetting strain as a crack driving force in controlling crack growth has been investigated utilising a variety of constitutive models, including elastic-plastic, visco-plastic and crystal-plastic formulations, for nickelbased superalloys [1] [2] [3] . Crack tip deformation fields were examined for both stationary and growing cracks at room and 650C using the finite element method. Distinctive strain ratchetting behaviour near the crack tip was identified in all cases, leading to progressive accumulation of tensile strains normal to the crack growth plane. It was hypothesised that this tensile strain may be responsible for material separation leading to crack growth. Most recently the concept has been applied successfully [4] to fatigue crack growth of a nickel alloy in vacuum at a range of temperatures, where the influence of oxidation is removed. Although this latest work appears to be very encouraging, no direct experimental evidence is yet available to support this line of reasoning. In this paper, we present the first series of experimental results on the measurement of the near-tip strains as a function of the number of loading cycles in a compact tension specimen of stainless steel 316L using the DIC method. Finite element analysis has also been carried out on the specimen and the near-tip strain results from the simulation are compared with those obtained experimentally.
T EXPERIMENTAL METHODS
he material used for the investigation was stainless steel 316L. A compact tension (CT) specimen was employed with a width of 56 mm, a thickness of 7 mm and a machined notch size of 24 mm. An average grain size of the material along the rolling direction was found to be approximately 28.5 µm. The specimen was pre-cracked first in a servo-hydraulic test machine under cyclic tension, allowing a crack growth of ~2.05 mm to obtain a final crack length of ~26.05 mm. The cyclic testing was then conducted at constant load amplitude with the range of load increased after a given number (20) of cycles, as shown in Fig. 1 . The evolution of the strain fields near the crack tip was monitored during the cyclic loading using the digital image correlation (DIC) technique. The DIC system employed is a stereomicroscope system, Vic-3D Micro™ by Correlated Solutions [5] . Speckle patterns were painted on the specimen surface to facilitate the image analysis, and a resolution of 1224 x 1024 pixels was achieved through the use of the cameras coupled with the microscope. Four series of tests were conducted where the near-tip strains were monitored and recorded using the DIC method. A loading frequency of 0.1 Hz was used for the testing to allow sufficient time to collect the data. The images were captured at a framing rate of 5 per second for each cycle and about 50 images were recorded for each cycle. The field of view of the images was approximately 2.15 x 1.80 mm, giving a pixel size of 1.76 µm. Digital image correlation has been used extensively to determine fracture parameters using the displacement data extracted from digital images [6, 7] . The basic principles of DIC are to take a set of sequential images for a deformed object, with the first image taken before deformation serves as a reference and the subsequent images acquired at different deformation stages from the same region correlated with the reference image. The algorithm is based on the mathematical correlation of the intensity changes of the sequentially recorded digital images, and implemented through a procedure of finding the best correlation between the two images. Digital images are usually divided into smaller interrogation windows, or sub-sets, a matching process is performed on each of these sub-sets. A full field map of displacements/strains of each subset may be obtained when the correlation process is completed successfully. In the current work, LaVision DaVis 8.1.1 was employed to carry out the image correlation [8] . The size of the subsets was chosen as 28 x 28 pixels with a step size of 3 pixels, sufficient to provide a high spatial resolution and good image correlation quality as well as acceptable computational cost. To study the near-tip strain evolution with load cycles, regions of interest near the crack tip were selected and strain distributions studied. Specifically, two points ahead of the crack and on the crack plane, R 2 and R 4 , were monitored, where the distance to the crack tip, R2 = 28.5 µm and R4 = 57 µm, as illustrated in Fig. 2 . These values were selected to be either the same as the average grain size of the material (R 2 ) or about double the average grain size (R 4 ). The strain data at each location were obtained from an average value of multiple points within a 25 µm x 25 µm square. During the loading cycles, the crack length was also monitored and corrected post testing when micro crack growth was detected, such that the values of R 2 and R 4 stay the same throughout the tests. Micro-crack growth was indeed detected during some of the loading sequences (Test series 3-1 to 3-3, omitted in Fig. 1 ). These were excluded in the subsequent ratchetting analyses. 
FINITE ELEMENT ANALYSES
inite element analyses were carried out on the CT specimen using ABAQUS [9] under plane stress loading conditions to obtain the near-tip strain distribution on the specimen surface, and the results were compared with those measured by the DIC.
Material model
The material model by Lemaitre and Chaboche [10] was adopted where both isotropic and nonlinear kinematic hardening rules were used to describe the monotonic and the cyclic behaviour of SS316L [11, 12] . The equivalent von Mises stress is defined as:
where  dev is the deviatoric part of the back stress and S is the deviatoric stress tensor. The size of the yield surface is defined using a simple exponential law:
where 0  is the size of the yield surface at zero plastic strain, Q  and b are isotropic hardening material parameters. The equivalent plastic strain is given by:
The evolution of the kinematic hardening component is defined as:
where  is the back stress, and are material parameters, and is the rate of change of C with respect to temperature and field variables.
A total of five materials parameters are required to run the FE analyses: Initial yield stress 0; kinematic hardening parameters C and  and isotropic hardening parameters Q ∞ and b. The values of these parameters for SS316L were obtained using the experimental data for a strain range 4 .0%    [13] , and are summarised in Tab. 1.
193 100 60000 280 200 6 Table 1 : The material parameters for SS316L [13] .
The finite element model
The compact tension specimen as used in the experiment was modelled using the finite element method (ABAQUS). Due to symmetry of the geometry and the loading, only half of the specimen was meshed with 4-noded quadrilateral plane stress elements, as shown in Fig. 3 . Finer elements were generated around the crack-tip area ( ≈ 1.8 µm) and a rigid line was attached along the symmetry line to prevent the potential penetration of the crack flanks due to crack closure under cyclic loading. A mesh convergence study was carried out, and a mesh size of 3.6 µm was found to be adequate such that the effect of mesh size on the stress-strain responses became negligible. The loading pin (marked in red in Fig. 3 ) was modelled as elastic and no slip was allowed between the loading pin and the specimen [14] . Cyclic tensile loading was applied at the centre of the pin according to the loading scheme (Fig. 1) . A sequential crack tip node-release technique was applied to model the micro-crack growth, where nodes were released incrementally and set to the micro-crack growth length detected, otherwise the crack was assumed stationery. The strain values were calculated at the integration points and the average strain values were obtained for R 2 and R 4 over a square of 25 µm x 25 µm, similar to those obtained by the DIC method. 
RESULTS AND DISCUSSION
he strain evolutions with cycles are shown in Fig. 4 at R 2 and R 4 for the four test series (as shown in Fig. 1 ) from both the DIC and the FE analyses. It is evident from both analyses that tensile strains increase with the number of cycles in all load cases, although the FE analyses appear to predict higher responses than those from the DIC. A closer agreement between the two is achieved at R 2, as opposed to R 4 , indicating that grain size might serve as a suitable candidate as a "critical distance". Micro-crack growths were detected at some of the early test series, such that ratchetting behaviour could not be monitored on these occasions. These may be due to the pre-cracking load history or the notch effect. Further work is being carried out on controlled crack growths so that the relation between the ratchetting strain and the micro-crack growth may be explored. (Fig. 1) , comparison of the results from the DIC and the FE analysis.
CONCLUSIONS
e report the first experimental evidence of the near-tip strain evolution as captured by the Digital Image Correlation on a compact tension specimen of stainless steel 316L. The evolution of the near-tip strains with loading cycles was monitored at selected load levels whilst the crack tip remains stationery. The results clearly show that strain ratchetting occurs with cycle, and is particularly evident close to the crack tip and under higher loads. Finite element analyses have also been carried out, and the results compare favourably with those measured at a distance about the grain size.
